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Abstract
Shock-induced metamorphism in meteorites informs us about the collisional environment
and history of our solar system. Recently the importance of material strength in impact
heating was reported from head-on impact simulations. Here, we perform three-dimensional
oblique impact simulations, and confirm the additional heating due to material strength
for oblique impacts. Despite a large difference in the peak pressure at the impact point
at a given impact velocity, we find that the heated mass for an oblique impact is nearly
the same as that for a head-on impact. Thus, our results differ from the previous find-
ing that the heated mass decreases as the impact becomes more oblique, and show that
the additional shear heating is more effective for oblique impacts than for head-on im-
pacts. This also indicates that material ejected during oblique impact tends to experi-
ence lower shock pressures but higher temperatures.
1 Introduction
Since asteroids are thought to be surviving planetesimals or fragments of planetes-
imals (e.g., Morbidelli et al., 2015), they maintain primordial information about history
of the solar system (e.g., DeMeo et al., 2015). Therefore, observation of current aster-
oids and analysis of meteorites originating from asteroids provide us with important keys
to understanding the origin and evolution of the solar system.
Meteorites have been categorized depending on their degree of metamorphism, such
as aqueous alteration and thermal metamorphism (e.g., Scott & Krot, 2014). There are
two major heat sources for their metamorphism. One is an internal heating caused by
the decay heat of short-lived radionuclides (e.g., 26Al), which follows thermal evolution
of their parent bodies (e.g., Miyamoto et al., 1982; Gail et al., 2014; Wakita et al., 2018).
Another is an exogenous heating, such as impact heating. Some meteorites contain unique
textures which originate from impact events and are grouped by the degree of shock meta-
morphism (Sto¨ffler et al., 1991; Scott et al., 1992; Rubin et al., 1997; Sto¨ffler et al., 2018).
Dehydrated minerals found in some chondrites are thought to be one line of evidence of
impact heating (Nakamura, 2005; Nakato et al., 2008; Abreu & Bullock, 2013), because
the temperature required for the dehydration is much higher than that for low degree
of metamorphism in their host chondrites. The short duration of the heating events for
dehydrated minerals in parent bodies also supports impact heating as a reasonable heat
source (Nakato et al., 2008). Given that we have an accurate understanding on the re-
lationship between the impact conditions and the degree of heating, we can decode the
impact events (such as the impact velocity and angle) from metamorphic features in me-
teorites.
Recently, Kurosawa and Genda (2018) showed that the degree of impact heating
had been underestimated. Melosh and Ivanov (2018) emphasized that the role of ma-
terial strength in rocky materials have been overlooked for a long time. Plastic defor-
mation of pressure-strengthened rocks due to shear strain against the material strength
dissipates the kinetic energy of the materials in the shock-driven flow fields; this leads
to a temperature rise during decompression. The shock stages of meteorites typically grouped
by their thermal properties (e.g., Sto¨ffler et al., 1991) may need to be reevaluated. This
additional heating could cause dehydration in chondrite parent bodies (Wakita & Genda,
2019). However, these pioneering studies only performed numerical calculations of head-
on impacts with a two-dimensional shock physics code. Oblique impacts occur more fre-
quently than head-on collisions (Shoemaker, 1962; Kokubo & Genda, 2010; Genda et al.,
2012). Therefore, it is necessary to explore whether material strength is still important
in the case of oblique impacts.
Some numerical works have been done for oblique impacts. Methods for simulat-
ing oblique impacts include smoothed particle hydrodynamics (SPH; e.g., Monaghan,
1992; Genda et al., 2012) and grid-based codes such as CTH, SOVA and iSALE-3D (e.g.,
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Pierazzo & Melosh, 2000a, 2000b; Elbeshausen et al., 2009; Elbeshausen & Wu¨nnemann,
2011; Elbeshausen et al., 2013). Previous work focused on the dependence of the crater
volume and heated mass to the impact angle (Pierazzo & Melosh, 2000a, 2000b; Elbe-
shausen et al., 2009; Elbeshausen et al., 2013; Davison et al., 2011, 2014). The volume
heated to any given temperature depends on the impactor diameter, mass, velocity and
angle (Pierazzo & Melosh, 2000a) and, as a new finding in Kurosawa and Genda (2018)
and this work, the target strength. Davison et al. (2014) showed that the heated mass
decreases when the impact angle becomes shallower and highlighted the importance of
target curvature when calculating the mass of heated material. Davison et al. (2014) es-
timated the post-shock temperatures using the peak shock pressures and assuming pure
shock heating. This does not account for the shear heating, which enhances the post-
shock temperature as described in Kurosawa and Genda (2018). Given this new result
that the impact heating is enhanced when material strength is considered, here we per-
form a reevaluation of the findings of Davison et al. (2014), where we simulate the im-
pact for longer and can thus track the full temperature evolution of the material as in
Kurosawa and Genda (2018). We extend the results of Kurosawa and Genda (2018) by
considering the effects of impact obliquity on impact heating.
Here, we report numerical simulations of planetesimal collisions using the iSALE-
3D shock physics code. We compare the results between oblique and head-on collisions,
and discuss the importance of material strength.
2 Methods
We perform impact simulations of a spherical projectile onto a flat-surface target
by using the iSALE-3D shock physics code (Elbeshausen et al., 2009; Elbeshausen & Wu¨nnemann,
2011; Collins et al., 2016). This code uses a solver as described in Hirt et al. (1974) and
includes a strength model and a porous-compaction model (Collins et al., 2004; Melosh
et al., 1992; Ivanov et al., 1997; Wu¨nnemann et al., 2006; Collins et al., 2011). We con-
sider the size of impactor (Rimp) as 2 km, and the impact velocity (vimp) of 5 km/s, the
typical velocity in the current main asteroid belt (Bottke et al., 1994; Farinella & Davis,
1992). We consider the impact angles (θimp) for a head-on collision (90
◦) and an oblique
collision (45◦). The most probable θimp of a randomly incident projectile is 45◦ (e.g., Shoe-
maker, 1962), which we chose as a fiducial value.
We use a strength model commonly used for geologic materials (Collins et al., 2004),
using the input parameters shown in Table S1 of Kurosawa and Genda (2018), and use
the ANEOS equation of state for dunite (Benz et al., 1989) for both the projectile and
target. Further details of the strength model are described in Supporting Information
Text S1. The damaged friction coefficient (µ) in the model is one of the most important
parameters for determining the heating of internal materials (Kurosawa & Genda, 2018;
Wakita & Genda, 2019). Therefore, we perform the models with and without material
strength to clarify the role of the material strength on the degree of impact heating, us-
ing the fiducial value µ of 0.6 (e.g., Johnson et al., 2015).
We use Lagrangian tracer particles which are placed in each cell at the beginning
of the calculation, and allowed to move around the Eulerian grid to track the history of
the material. They can record both the instantaneous and peak values of pressure and
temperature. Note that entropy is not currently calculated in iSALE-3D. The difference
between the calculations in this and previous works is that we need to run our simula-
tions for longer to capture both the initial shock heating and the subsequent shear heat-
ing; we need to use the temperature field rather than deriving temperatures from the peak
pressures. Validation of our numerical results, a resolution study, and a comparison of
our methods with previous works are given in Supporting Information (Figures S1, S2,
Texts S2, and S3).
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3 Results
Figure 1 shows distributions of peak temperature (Tpeak) at 5 ts (ts is a charac-
teristic time for projectile penetration, ts = 2Rimp/vimp) in the cases of a 45
◦ impact with
(middle and bottom rows) and without (top row) material strength. The case with ma-
terial strength experiences much higher Tpeak than the case without material strength
(the pure hydrodynamic case). According to the strength effects, Tpeak for the case with
the material strength increases during decompression as shown in Kurosawa and Genda
(2018). In order to confirm this, we also show the temperature differences (∆T ) between
the peak temperatures and the temporal temperatures when it reaches its peak pressure
in Figure 1 (bottom panels). We can see two highly heated (∆T >∼ 1000 K) regions
in the target (bottom right panel in Figure 1): one of them is near the impact point and
the other is about 3Rimp away from it and lies in the downrange direction of the inci-
dent trajectory of the projectile. The former heats up first (see Figure S3), then the heat-
ing of the latter area occurs. This wider heated region is different from head-on impacts,
as shown below.
In order to compare the heated areas between head-on impacts (90◦) and oblique
impacts (45◦), we show the results of two head-on impacts in Figures 2 and S4 (with and
without material strength). We confirmed that material strength enhances the heating
for in head-on impacts in Cartesian coordinates (iSALE-3D), which is consistent with
the results obtained in cylindrical coordinates (iSALE-2D) employed by Kurosawa and
Genda (2018) (see Text S4). The highly heated region in the target is symmetrically dis-
tributed just below the impact point for the head-on impact, whereas it is shifted towards
the downrange side for the oblique impact. The heated region in the head-on impact is
deeper than in the oblique impact.
Figure 3 shows the cumulative mass of target and impactor normalized by the im-
pactor mass (Mimp) according to Tpeak. Although these masses are calculated at the time
of 5 ts, we have confirmed that these results do not significantly change after this time
(see Figure S5). The difference in cumulative mass between the two cases with material
strength and θimp of 45
◦ and 90◦ is less than a factor of two (top panels of Figure 3). This
tendency is the same in both the target and impactor. Consequently, an oblique impact
could produce a similar amount of heated material as a head-on impact with same vimp.
The results of pure hydrodynamic cases are also shown as the dotted lines in the
top panels of Figure 3. The amount of the heated material without material strength
is much smaller than that in the cases with material strength. This clearly indicates the
significance of material strength in impact heating (see also Text S5 and Figure S6). There-
fore, material strength is an important factor which must be considered when calculat-
ing heating in oblique impacts.
Considering the cases with material strength we can examine how the relationship
between peak temperature and peak pressure (Ppeak) changes between head-on and oblique
impacts. Figure 4 shows the distribution of Tpeak and Ppeak. The peak temperature are
systematically higher than the temperatures on the Hugoniot curve (dash-dotted lines)
as discussed in previous works (Kurosawa & Genda, 2018; Wakita & Genda, 2019). The
relationship between Tpeak and Ppeak differs in both impact cases. In the oblique impact
(top left panel in Figure 4), the target can achieve a peak temperature in the range 1000
- 1500 K at a peak pressure of ∼ 10 GPa. One of the key differences between oblique
and head-on collisions is that the temperature field appears to continue evolving for longer
in the oblique case; for example, Figures 4 and S7 show that the mass fraction at peak
pressure of 10 GPa in the peak temperature range of 1000 - 1500 K increases between
1.3 ts and 5 ts, while in head-on impact that mass fraction remains nearly the same be-
tween those two times.
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Figure 1. Snapshots of a cross section at the impact point (0,0), in the plane that includes
the impact trajectory, at 5 ts for the oblique impact case (45
◦). The color scale in the top and
middle panels represents Tpeak, and in the bottom panels represents ∆T (see text). The top pan-
els depict the case without material strength and the middle and bottom panels with material
strength. The left-hand panels show the material in its position at 5 ts, while the right-hand
panels are provenance plots that display the material mapped back to its original pre-impact
position. The dash-dotted lines in the middle-right panel represent isothermal lines (Tpeak = 500
K, 1000 K, and 1500 K). The colored dashed lines in the middle-left panel depict the trajectories
of selected tracer particles, and their original positions are shown as open circles in the middle
and bottom right panels.
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Figure 2. Same as Figure 1, but for the case of head-on impact (90◦).
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Figure 3. Cumulative mass of Tpeak normalized by Mimp. Left panels depict results from the
target, and right panels are for the impactor. Top panels represent the case with and without
material strength for oblique and head-on impacts (MS denotes the case with material strength
and hydro does without that). Middle and bottom panels represents the result of correspond-
ing peak pressure conditions and vimp (see legends). The shaded region represents the artificial
overhead region due to the overshooting of temperature (see Text S1).
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Figure 4. Heatmaps of Tpeak and Ppeak at the time of 5 ts. The gray contour represents
their fraction which is normalized by Mimp. Top panels depict results of oblique impact (45
◦),
bottom ones are head-on impact (90◦) with material strength. Left panels represent outcomes
from the target, and right panels are the impactor. Hugoniot curves for dunite are also shown as
dash-dotted lines in each panel.
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Figure 5. Same as middle panels in Figures 1 and 2, but color contours represent Ppeak. Top
panels represent oblique impact (45◦) and bottom panels are head-on (90◦).
We also checked the relationships of Ppeak and Tpeak from different points of view.
The cumulative mass relative to Tpeak for Ppeak < 10 GPa are plotted in middle and
bottom panels of Figure 3. Since Tpeak in the case without material strength are reached
by pure shock heating, for material with Ppeak < 10 GPa, the temperature remains al-
most at the initial temperature. In contrast, in the case with material strength, some
material exceeds Tpeak = 1000 K even at Ppeak < 10 GPa due to the contribution of shear
heating (see the dashed lines in middle panels of Figure 3). Thus, the enhanced heat-
ing at Ppeak < 10 GPa is additional evidence of the importance of material strength in
oblique impacts (see Text S5).
Figure 5 shows the spacial distribution of Ppeak, overlain with isothermal lines. This
pressure distribution is similar to that found in previous work investigating impact heat-
ing (Pierazzo & Melosh, 2000b). As we can see in bottom panels of Figure 3, the heated
mass under 10 GPa in the oblique impact is much larger than that in the head-on im-
pact (compare the black and green dashed lines). In the bottom-right panel of Figure
5, the 1000 K isotherm (the middle of the three dot-dashed isotherms) lies entirely within
the 10–20 GPa contour on the head-on impact. However, in the oblique impact, the 1000 K
isotherm crosses the 10 GPa contour in the downrange region of the target—i.e. some
material which experienced Ppeak < 10 GPa experienced temperatures above 1000 K.
The red open circle on the top-right panel of Figure 5 is an example of some of the ma-
terial which experienced these P-T conditions.
When we focus on the highly heated region (∆T >∼ 1000 K) in the bottom pan-
els of Figures 1 and 2, the area appears near the impact point in both θimp cases. The
other area, 3Rimp away from the impact point, is observed only in the oblique case. This
area is produced by a further increase in volumetric strain due to the downrange move-
ment of a distorted projectile, while this area is less shocked. An adjacent area (∼ 4Rimp),
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which is only seen in oblique impacts, corresponds to the region which can reach Tpeak >
1000 K at Ppeak < 10 GPa (see Figures 4 and 5). This is because that shear deforma-
tion due to movement of the projectile produces additional heating for a wider area, such
as the red colored tracer particle (see Figures 1, 5, and S4). While the volume of heated
material near the impact point is smaller in the oblique impact, this additional down-
range heating means that the total mass of material heated is similar between the oblique
and normal incidence angle impacts.
4 Discussion
We discuss the relationship between θimp and vimp. It has been sometimes thought
that the amount of heating in an oblique impact with vimp could be approximated by
a head-on impact with the vertical velocity component of vimp. The vertical component
of vimp in oblique impacts with θimp can be given as vimp sin(θimp). Pierazzo and Melosh
(2000a) showed that the peak pressure in oblique impacts could be approximated by that
produced by vertical impacts at vimp sin(θimp) without material strength. Although a
further correction is needed in the melt volume; the deviation in the melt volume pro-
duced by oblique impacts from the prediction by vimp sin(θimp) model is within a fac-
tor of two. Rarefaction waves travel faster in materials with strength than in hydrody-
namic materials, meaning the shock wave will decay sooner. In order to check this re-
sult when material strength is included, we also perform a head-on impact with vimp sin(45
◦)
(= 3.54 km/s; see blue lines in bottom panels of Figure 3). When we compare the re-
sults with oblique impact with vimp, the cumulative mass differs by a factor of three. There-
fore, it is hard to reproduce the outcomes related to peak temperature from oblique im-
pacts of vimp by head-on impacts of vimp sin(θimp), when we include the effect of mate-
rial strength. This indicates that the peak temperature cannot be directly determined
from the peak pressure and their relationship is complicated. This shows that the ad-
ditional heating is effective in oblique impacts due to the material strength. Previous
studies on oblique impacts found that the crater volume and heated mass could be cor-
related well with θimp (e.g. Elbeshausen et al., 2009; Davison et al., 2011, 2014). Although
the simulations in Davison et al. (2014) also included material strength with the param-
eters for weak rock, that work used a different method to obtain temperature after de-
compression which did not account for shear heating. A more extensive suite of simu-
lations over a wide range of impact angles is required to investigate the complex inter-
action of the shock and rarefaction waves in materials with strength, and derive a sim-
ilar function which accounts for the shear heating described in this work.
Shear heating has implications for ejected material. Our results indicate that oblique
impacts produce nearly the same heated mass as head-on impacts and suggest that oblique
impacts can generate a heated region with lower peak pressures than in a head-on im-
pact. We infer that the ejecta from an oblique impact might also experience higher peak
temperatures than a head-on impact at a given peak pressure, although higher-resolution
simulations are required to resolve the ejected materials in detail (e.g., Johnson et al.,
2014; Kurosawa et al., 2018).
All meteorites might experience one impact event, at least when they are excavated
from their parent bodies. Sto¨ffler et al. (1991) presented a useful tool to categorize me-
teorites into shock stages, depending on the degree of shock metamorphism. Our results
show that oblique impacts could produce the same thermally-driven metamorphic prop-
erties for lower shock pressures than previously reported. Thus, although a more thor-
ough investigation of the effects of oblique impacts is necessary, we propose that care is
needed to decode shock temperatures experienced by meteorites, since there is not a di-
rect link between peak shock pressure and temperature.
–10–
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5 Conclusion
Oblique impacts are ubiquitous events on all solid bodies in the solar system. We
numerically modelled oblique impacts of 45◦ at 5 km/s, which is a typical impact veloc-
ity in the main asteroid belt, with a strength model for rocky materials, and examined
the peak temperature and peak pressure after the impacts. We confirmed the importance
of material strength for additional heating in oblique impacts as well as head-on impacts
that was shown in previous works. We also found that the amount of heated mass is al-
most the same in head-on and oblique impacts. On the contrary, there is a difference in
the experienced maximum temperature for peak pressures less than 10 GPa: a head-on
impact does not reach 1000 K, but in an oblique impact it is possible to exceed 1000 K.
The relationship between peak pressure and peak temperature reveals that oblique im-
pact can generate a moderately heated region under lower peak pressure than head-on
impacts. The area heated by oblique impacts is located shallow and wide in the target,
which is achieved in the downrange direction of the impactor’s trajectory. These enhanced
heating processes in oblique impacts are due to a combination of the material strength
and movement of the projectile.
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